Abstract: Plodia interpunctella (Hübner), the Indian meal moth (IMM), is a major lepidopteran storage pest worldwide. IMM larvae can be found in high abundance in stored maize and cause huge losses in seed germination and seed viability. This work aimed to assess the susceptibility of six maize hybrids (NS 6140, NS 640, NS 1090, NS 444 -dent type, NS 620k -pop-corn type, Red-aleurone maize -maize with an altered aleuron color) to IMM attack and suitability for pest's development. Standard laboratory diet (SLD) was used as a positive control. Under laboratory conditions, the following IMM life history parameters were monitored: larval mortality, mean developmental duration (egg to adult), adult emergence, adult lifespan and female fecundity. Kernel susceptibility was determined based on the Susceptibility Index (SI). The highest mortality of IMM larvae was on NS 620k (35.25%) compared to the other maize hybrids (11.2-19.5%). The highest number of emerged adults was on Red-aleurone maize (17.5), and the lowest on NS 620k (4.0). The longest lifespan was recorded for moths reared on NS 6140 and NS 640 (8.5 and 8.7 days, respectively). The highest female fecundity was on SLD (115.8 eggs), on Red-aleurone maize (44.3 eggs), while females reared on NS
Introduction
In Serbia, maize is a predominant crop, cultivated on over 35% of arable land (Dragović et al., 2003) . Also, maize is the most important export crop of Serbia (Anonymous 1, 2016) . A crucial factor for successful maize production is the use of seeds of high quality, which can be maintained during long-term storage. To preserve biological and technological seed characteristics and mitigate losses over a long period of time, storages must satisfy a number of requirements (Sečanski et al., 2015) . However, a limiting factor for the quality of stored maize seed is the presence of insect pests. During storage, maize seeds are frequently attacked by a number of pests, among which Plodia interpunctella (Hübner, 1813) (Lepidoptera, Pyralidae), the Indian meal moth (IMM), is one of the most important and widespread lepidopteran species (Mohandass et al., 2007) and possibly the most important storage pest worldwide (Han et al., 2016) . IMM larvae can be found in high abundance in stored maize (Kaliyan et al., 2005; Arbogast 2007 ; Throne and Arbogast 2010; Stejskal et al., 2014) . The survival of IMM on maize mostly depends on the survival of larvae, since only larvae feed and cause damage (Kaliyan et al. 2005) . IMM larvae have a preference for the germinal part of the kernel over the endosperm, and cause losses in seed viability (Abdel-Rahman et al., 1968 , Rees, 2004 , seed germination (Sallam, 1999) and deterioration of maize quality by contamination with webbing and faeces (Phillips et al., 2000) .
Very few maize hybrids and kernel types have been tested for susceptibility to any storage insect pest. However, several studies have been conducted to determine the effect of maize variety on the development and survival of IMM, and to identify different resistant varieties (Abdel-Rahman et al., 1968; Mbata, 1990) , but so far the data are scarce. Therefore, the objective of this research was to assess the suitability of different NS maize hybrids for IMM development, and determine their susceptibility to IMM attack.
Materials and methods

Maize hybrids
The experiment was carried out using seeds of six maize hybrids: NS 6140, NS 640, NS 1090, NS 444 (dent type), NS 620k (pop-corn type) and Red-aleurone maize (maize with an altered aleurone color), obtained from the Institute of Field and Vegetable Crops, Novi Sad, Republic of Serbia. Prior to the beginning of the experiment, kernels were exposed to deep freezing (-80 °C) in order to eliminate the potential presence of other insects and parasites. The kernels were not treated with insecticides after the harvest or before setting up the experiment.
Experimental design
Parental IMM population was reared on a standard laboratory diet (SLD) for IMM (Silhacek and Miller, 1972) for several years, in transparent plastic containers (5 L), at 28 ±1 °C, R.H. 60 ±10% and 14:10 (L:D) photoperiod. Paired moths were transferred from mass rearing containers into glass tubes for oviposition and one-day-old eggs were used for the experiment. The experiment was carried out by placing 100 g of kernels into 0.25 L glass jars and adding 50 one-day-old IMM eggs. Jars were sealed with a cotton swab and coated with cotton cloth for proper aeration. The experiment was set up in 4 replicates under the same conditions as in the rearing of parental population.
The following parameters of IMM life history were monitored: larval mortality, mean developmental duration (from egg to adult), adult emergence, adult life span and female fecundity. Readings were repeated every five days, until the last larva pupated. Once the emergence of adults began, assays were checked every 24 h and the numbers of emerged adults were recorded. Newly emerged unmated adults from the same treatment were immediately paired, and each pair was isolated in a separate test tube to obtain the fecundity data, i.e., the number of laid eggs per female. At the end of the experiment, the mean development duration (MDD) was calculated as the average time (in days) from the start of the experiment until each adult emergence.
The susceptibility of maize hybrids was assessed based on the Susceptibility Index (SI) described by Dobie (1974) :
ln -the natural logarithm of the mathematical constant e F1 -the average number of emerged moths per treatment D -average developmental duration (egg to adult) in days Seeds were rated as resistant (R), moderately resistant (MR), moderately susceptible (MS) and susceptible (S) according to Mensah (1986) 
Statistical analysis
Data were statistically analysed using the IBM SPSS Statistics 21 software package (IBM, 2012). Duncan's multiple range test was performed to analyse differences in life history parameters across maize hybrids. The confidence interval was 95%.
Results and discussion
Larval mortality and IMM mean developmental duration
The highest mortality of IMM larvae was recorded on NS 620k, i.e. pop-corn type maize (35.25%), and was significantly higher than on the other maize hybrids (11.2-19.5%). The lowest larval mortality was on SLD (0.9%) throughout the experiment (Table 1) . The difference among treatments was statistically highly significant (F=123.3**, P<0.01). Subramanyam (1995) found that IMM larval mortality rate can reach 28% on yellow maize, as also proven in this experiment.
The results on IMM developmental duration on six maize hybrids are presented in Table 1 . The fastest development was on SLD (28 days), while the slowest was on NS 620k (45 days) and NS 1090 (40.1 day). The differences in developmental duration were statistically highly significant (F=29.8**, P<0.01). As reported by Williams (1964) , the duration of IMM development can range from 36 to 327 days. Developmental rate depends on maize variety (AbdelRahman et al. 1968) , as well as on kernel damage. Mortality of pre-adult stages appeared to be higher when development was longer (Williams, 1964) . Similarly to the present findings, Mbata (1990) reported that the shortest development from egg to adult on whole maize kernels was 31.2 days (tested on 13 varieties), and the slowest 37.0 days.
Adult emergence, lifespan and fecundity
The highest number of emerged adults was recorded on SLD (30.2) and Redaleurone maize (17.5), with the difference being statistically significant. The lowest number of emerged adults was on NS 620k (4.0), compared to the other hybrids, which were also less suitable for moth development, based on the number of emerged moths (10.5-14.0 moths). There were no statistically significant differences in the number of emerged adults among NS 640, NS 6140 and NS 444, but the overall difference was highly significant (F=90.0**, P<0.01).
The lifespan of moths differed depending on maize hybrid. The longest lifespan was recorded for moths reared on NS 6140 and NS 640 (8.5 and 8.7 days, respectively), and was significantly higher compared to SLD, NS 620k and Red-aleurone maize seeds (6.0, 6.5 and 5.5, respectively). The differences were significant (F=3.29*, P>0.01). Subramanyam (1995) reported that the longevity of the adult stage depends primarily on environmental factors (temperature and humidity), the occurrence of mating, oviposition opportunities and the presence or absence of water (or other liquids) for consumption.
Results on total fecundity are also presented in Table 1 . The highest fecundity was recorded for females reared on SLD (115.8 eggs). As for hybrids, significantly higher fecundity was found on Red-aleurone maize (44.3 eggs), compared to the other five hybrids, while females reared on NS 620k laid the lowest number of eggs (22.8 eggs). The difference in fecundity between maize hybrids and SLD was statistically highly significant (F= 754.5**, P<0.01). The values of the mean total fecundity reported in the literature vary widely. Allotey and Goswami (1990) reported 174.2 eggs per female for IMM reared on split maize kernels. Food source is an important factor in determining fecundity, and the fecundity of moths can be influenced by different diets (Mohandass et al., 2007; Fathipour and Naseri, 2011; Madboni and Pour Abad, 2012) , with low fecundity indicating a relatively low nutrient medium (Arbogast, 2007) . In the research of Mbata (1990) , the 13 tested Nigerian maize hybrids were more or less attractive oviposition sites, regardless of the type of maize. This indicated the presence of certain cues, i.e. ovipositional attractants that were not related to the type of maize. Babić et al. (2013) emphasized that the dent type of maize kernels is the softest kernel type since it contains a higher percentage of the floury endosperm. Thus, we can speculate that the easier consumption of dent kernels and the lower energy needed for breaking the kernel pericarp might lead to higher mean fecundity. Opposite results were reported by Predojević et al. (2017) , who proved that fecundity is not affected by the maize type (dent, flint, semi-flint). 
Moth body size
Moths reared on SLD had the largest body sizes (on average 1.85 cm). The smallest average body sizes were measured for moths reared on NS 620k i.e. pop-corn type (0.9 cm), while the body sizes of moths on the other five maize hybrids did not differ significantly (1.10-1.50 cm). Differences in the body size of moths between maize hybrids were statistically highly significant (F=19.57**, P<0.01). Results are presented in Graph 1.
Graphic 1. Body lengths of moths developed on different maize hybrids
Values followed by the same letter in the graph are at the same level of significance
SLD
Maize hybrid susceptibility to IMM
The calculated susceptibility indices (Table 2) indicate that Red-aleurone maize was the most susceptible to IMM attack (SI = 7.79), while the pop-corn type, NS 620k, was less suitable (SI = 3.08). However, SLD was expectedly the most suitable medium for IMM development, with the highest value of SI (SI = 12.17). Due to the soft endosperm, dent type maize is more susceptible to insect pests, both in the field and in storage (Paliwal et al., 2000) , while popcorn maize is a popular type of maize, characterised by a very hard outer layer, a corneous endosperm, and a small portion of soft starch. These characteristics make it more resilient to insect attack, as also proven in this study. Also, as found by Babić et al. (2013) , dent type is the softest type of kernel since it contains a higher percentage of the floury endosperm, which makes the kernel easy to break and be attacked by insects. Limonta et al. (2013) tested the susceptibility of different maize hybrids to IMM and showed that larval penetration into the kernel was influenced by maize embryo properties. Seeds lacking embryos were less damaged, and therefore showed the lowest mean number of adult insects.
Since the type and proportion of the endosperm in maize are directly associated with kernel hardness (Vieira Filho et al., 2015) , it was expected that kernel hardness would significantly affect the life history of IMM, namely hybrids with harder kernels would be less vulnerable to damage caused by this pest. This is why kernel hardness should be an important parameter when choosing maize hybrid for growing and storage. Also, kernel hardness testing and continuous improvement of kernel resistance to attacks by storage insect pests can reduce future losses in the quality and quantity of stored grains .
Conclusion
The obtained results showed that: -the highest mortality of IMM larvae (35.25%) and the slowest development (45 days) were on pop-corn maize (NS 620k),
-the highest number of emerged adults (17.2 specimens) and the highest female fecundity (44.3 eggs) were on Red-aleurone maize, while the lowest values for the number of emerged adults (4 specimens) and female fecundity (22.8 eggs) were on pop-corn maize.
Susceptibility index values revealed different degrees of suitability of the tested maize hybrids as nutritional media for IMM. The highest suitability was exhibited by Red-aleurone maize (SI=7.79), while pop-corn maize (NS 620k) was an inappropriate medium (SI=3.08) for IMM development. 
